Recently, we found that acetyl resorufin (AR) is transformed to fluorescent resorufin through deacetylation by H 2 O 2 (perhydrolysis), and hence perhydrolysis of AR can be used as a fluorometric indicator reaction for glucose determination using only glucose oxidase (GOD). 1) In the fluorometric method with GOD and AR, glucose analysis is performed without interference by ascorbic acid, uric acid or bilirubin. These compounds interfere with colorimetric determination of serum components with indicator reactions based on H 2 O 2 -dependent oxidative coupling of two chromogens in the presence of peroxidase (POD), which are represented by so called Trinder's reactions of 4-aminoantipyrine with phenolic or anilinic derivatives.
various acyl resorufins. Here, we describe the results of these experiments, demonstrating that perhydrolyses of pivaloyl resorufin (PVR) in phosphate buffer (pH 8.0)-CH 3 CN and isobutyryl resorufin (IBR) in phosphate buffer (pH 7.5)-CH 3 CN are promising indicator reactions for fluorometric analysis of H 2 O 2 over wide working concentration ranges.
Existing indicator reactions for spectrophotometric determination of H 2 O 2 are generally classified into two categories: oxidative formation of dyes in the presence of POD 2, [13] [14] [15] [16] [17] [18] [19] [20] [21] and complex formation with metals associated with bathochromic shift. [22] [23] [24] [25] [26] Although the former has been found a wide variety of clinical application, the interference mentioned above must be always taken into consideration. The latter was shown to overcome such interference, and yet sensitivity and accuracy of detection methods based on bathochromic shift are inevitably low. As perhydrolysis of AR was found to proceed without the influences of ascorbic acid, uric acid or bilirubin, and also as generation or consumption of resorufin has been shown to be a highly sensitive fluorometric indicator reaction, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] it was expected that fluorometry based on perhydrolysis of acyl resorufins would offer a highly sensitive and accurate method for H 2 O 2 determination, provided that the contribution of spontaneous hydrolysis to generation of resorufin can be significantly reduced. Therefore, the present study was performed to develop a totally new class of indicator reactions for fluorometric analysis of H 2 O 2 .
Experimental
A fluorescence spectrophotometer (FP-750, JASCO) equipped with a Peltier thermostatted single cell holder (ETC-272, JASCO) was used. All melting points were measured on a Yanako MP-S3 micro-melting point apparatus, and are given uncorrected. Infrared (IR) spectra were taken on a JASCO VALOR-III spectrometer.
1 H-and 13 C-NMR spectra were obtained in CDCl 3 at 270 and 67.8 MHz on a JEOL EX-270 spectrometer. 13 C-NMR spectral data were obtained under off-resonance conditions. Chemical shifts are given in ppm relative to tetramethylsilane (TMS) as an internal standard (d 0.00).
Materials GOD from Aspergillus niger (EC 1.1.3.4, 238 U/mg) was used as supplied from Wako Pure Chemical Industries, Ltd. All other chemicals were of reagent grade and were used as received. Stock solutions of acyl resorufins were prepared in HPLC-grade CH 3 CN (Wako Pure Chemical Industries, Ltd.). Solutions of H 2 O 2 were prepared daily in deionized and distilled water, phosphate (Na 2 HPO 4 ϩNaH 2 PO 4 ; pH 7.0, 7.5 or 8.0; 100, 50, 20 or 10 mM), HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethansulfonic acidϩNaCl adjusted with aqueous 0.1 M NaOH; pH 8.0 or 8.5; 50 mM) or borate (H 3 BO 3 ϩKCl adjusted with aqueous 0.1 M NaOH; pH 8.0 or 8.5; 50 mM) buffer. AR was prepared and purified as reported previously. 1) Other acyl resorufins were synthesized as follows: To a suspension of resorufin sodium salt (2.0 g, 8.5 mmol) in pyridine (20 ml) at Ϫ40°C was added the corresponding acid chloride (10.2 mmol) under a nitrogen atmosphere, and the resulting mixture was stirred at Ϫ40-Ϫ10°C for 6 h. The mixture was poured into CH 2 Cl 2 (400 ml), and the organic layer was washed with 1 M aq. HCl (400 ml), 10% aq. NaHCO 3 (400 ml), and brine (400 ml) and dried over MgSO 4 . After concentration under reduced pressure, the residue was subjected to column chromatography with CH 2 Cl 2 -acetone (50 : 1-20 : 1) as the eluent, and the obtained product was further purified by recrystallization.
Isovaleryl Assessment of Acyl Groups and Reaction Conditions All fluorometric measurements were carried out at excitation and emission wavelengths of 572 and 589 nm, respectively. A CH 3 CN solution of acyl resorufin (0.1 mM, 1.0 ml), blank buffer (1.0 ml) and H 2 O 2 solution (1.2 or 0 mM, 1.0 ml) in the same buffer were added in this order to a cuvette (10ϫ10ϫ45 mm) in the cell holder with stirring at 500 rpm and the specified temperature. The fluorometric measurement of the mixture was started 30 s after addition of H 2 O 2 solution, and the reaction was followed for 300 s.
Calibration Curves The same procedure as described above was used except that a CH 3 CN solution of acyl resorufin (0.1 mM, 0.8 ml), blank buffer (2.0 ml) and aqueous H 2 O 2 solution (0.2 ml) were added to the cuvette in this order.
Glucose Determination In a microtube (1.5 ml), H 2 O (150 ml), aqueous ZnSO 4 (62 mM, 600 ml), aqueous Ba(OH) 2 (30 mM, 600 ml) and aqueous glucose solution (0-300 mg/dl, 150 ml) or plasma (150 ml) were added, and the resulting mixture was centrifuged at 4°C and 10000 rpm for 10 min. The obtained supernatants were used as glucose standard solution or plasma sam-ple. The fluorometric detection of glucose was performed as follows. A CH 3 CN solution of PVR or IBR (0.1 mM, 0.8 ml), a GOD (0.25 mg/ml) solution in phosphate buffer (20 mM, pH 8.0 or 7.5, 2.0 ml) and glucose standard solution or plasma sample (0.2 ml) were added in this order to the cuvette in the cell holder with stirring at 500 rpm and 25°C. The fluorometric response of the mixture was measured 300 s after addition of glucose standard solution or plasma sample. Glucose determination by Trinder's method was carried out with the same glucose standard solution or plasma in the previously reported manner.
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Results and Discussion
The acyl resorufins examined in this study are shown in Fig. 1 . Generation of resorufin by deacylation in the presence or absence of H 2 O 2 was fluorometrically followed from 0.5 to 5.5 min after starting the reactions. Typical traces for AR and PVR are shown in Fig. 2 . The effects of acyl groups and reaction conditions on the competition between perhydrolysis and hydrolysis were assessed with the following measures obtained from the fluorometric traces: increments in fluorescence intensity during the 5 min measurements of perhydrolysis and hydrolysis (DI and DI 0 , respectively) and their ratio (DI/DI 0 ). Values of DI and DI 0 were informative for estimating the extent of perhydrolysis and hydrolysis of acyl resorufins. Especially, DI and DI/DI 0 values served to assess acyl groups and reaction conditions in the competition.
Acyl groups were first screened. Deacylation of acyl resorufins (0.1 mmol) were carried out in phosphate buffer (pH 7.5, 100 mM, 2.0 ml)-CH 3 CN (1.0 ml) in the presence or absence of H 2 O 2 (1.2 mmol) at 25°C. The results are summarized in Table 1 . Judging from DI 0 values, FUR was hydrolyzed as easily as AR and the other acyl resorufins were less susceptible to hydrolysis than AR. Retardation of hydrolysis of these acyl resorufins was always accompanied by decreases in fluorometric responses by H 2 O 2 -dependent deacylation (cf. DI values). However, comparison of DI/DI 0 values suggested that replacing the acetyl group with sterically hindered acyl groups such as tert-butylacetyl, cyclohexanecarbonyl and pivaloyl exerted suppressive effects on hydrolysis much more strongly than on perhydrolysis. Thus, TBAR, CHR and PVR were chosen for further examination to develop a perhydrolysis-based indicator reaction for H 2 O 2 analysis. In addition, IBR was also chosen as a candidate for our purpose because IBR exhibited much larger DI than TBAR, CHR and PVR, although its DI/DI 0 was lower than those for other three compounds.
The dependence of the competition between perhydrolysis and hydrolysis of TBAR, IBR, CHR and PVR on pH and buffer components was examined, where phosphate (pH 7.0, 7.5 and 8.0, 100 mM), HEPES (pH 8.0 and 8.5, 50 mM) and borate (pH 8.0 and 8.5, 50 mM) buffers were used. Deacylation of these acyl resorufins (0.1 mmol) in the presence or absence of H 2 O 2 (1.2 mmol) was carried out at 25°C in buffer (2.0 ml)-CH 3 CN (1.0 ml). Figure 3 compares DI/DI 0 and DI obtained in deacylation of these acyl resorufins. Similar trends in these measures were recognized regardless of acyl groups. When the reactions were performed in phosphate or HEPES buffer-CH 3 CN, larger values of DI as well as DI/DI 0 were obtained with increasing pH of the buffer. The pH-dependent increments in DI/DI 0 were due to greater increase in DI rather than decrease in DI 0 by more basic media. For borate buffer, larger values of DI/DI 0 were obtained at pH 8.0 rather than pH 8.5, although DI was larger at pH 8.5 than 8.0.
In borate buffer (pH 8.5)-CH 3 CN, DI 0 values were increased to a greater extent than DI, probably because the interaction 9) of H 2 O 2 with B(OH) 3 inhibits perhydrolysis of acyl resorufins. Examination of DI/DI 0 values demonstrated that perhydrolysis of these acyl resorufins was favored over hydrolysis when pH 8.0 phosphate or pH 8.5 HEPES buffer was used. However, as can be seen in Fig. 3 a) The values of DI or DI 0 were obtained as changes between the fluorometric responses observed 0.5 and 5.5 min after starting the reactions in the presence or absence of H 2 O 2 , respectively. that phosphate buffer (pH 8.0)-CH 3 CN is the solvent of choice for perhydrolysis of acyl resorufins.
Both perhydrolysis and hydrolysis of TBAR, IBR, CHR and PVR in phosphate buffer (pH 8.0)-CH 3 CN at 25°C were affected by the buffer concentration. As shown in Fig. 4 , DI/DI 0 values became larger as a lower concentration buffer was employed. The concentration effects were smaller when acyl groups bore less substitutions at a-carbons as in the case of TBAR. These observations stemmed from the following: [from 100 to 20 mM] DI informative for the extent of perhydrolysis became larger, while hydrolysis was suppressed to a greater extent, leading to a larger DI/DI 0 ; and [from 20 to 10 mM] DI was almost constant, while DI 0 decreased further. Thus, when the concentration of phosphate buffer was changed from 100 to 10 mM, DI reached almost the maximum value in phosphate buffer (20 mM)-CH 3 CN, while DI 0 continued to decrease. The competition between perhydrolysis and hydrolysis was shifted in the most favorable manner for perhydrolysis of these four acyl resorufins as an indicator reaction for H 2 O 2 analysis, when the fluorometric measurements were conducted in phosphate buffer (pH 8.0, 20 mM)-CH 3 CN. It should be emphasized here that employing these conditions considerably restored the loss of H 2 O 2 -dependent fluorometric responses induced by replacing the acetyl group in AR with tert-butylacetyl, isobutyryl, cyclohexanecarbonyl and pivaloyl groups when perhydrolysis was carried out in phosphate buffer (pH 7.5, 100 mM)-CH 3 CN.
Reaction temperature also exerted an influence on both perhydrolysis and hydrolysis of TBAR, IBR, CHR and PVR. As deacylation of these acyl resorufins was carried out at a lower reaction temperature, both DI and DI 0 became smaller. However, the suppressive effects on hydrolysis were about twofold stronger than on perhydrolysis, leading to larger values of DI/DI 0 at lower reaction temperature as shown in Fig.  5 . With regard to DI/DI 0 , the best reaction temperature was 15°C. However, consideration of DI values as well as experimental convenience for analytical application indicated that fluorometric analysis of H 2 O 2 would be effectively achieved with perhydrolysis of these acyl resorufins at 25°C as an indicator reaction.
The relationships between H 2 O 2 concentration and fluorescence intensity of resorufin generated through perhydrolysis of TBAR, IBR, CHR or PVR were examined. Perhydrolysis was performed by adding aqueous H 2 O 2 solution (0.2 ml) to a mixture of a CH 3 CN solution of each acyl resorufin (0.1 mM, 0.8 ml) and phosphate buffer (pH 8.0, 20 mM, The concentrations of phosphate, HEPES and borate buffers were 100, 50 and 50 mM, respectively. Table 2 . The lowest detection limit was determined as the H 2 O 2 concentration allowing its fluorescence intensity to always exceed that of blank solution when the measurements were repeated three times.
Perhydrolysis of each of TBAR, IBR, CHR and PVR exhibited a good linear relationship with H 2 O 2 concentration over the specified range with three orders of magnitude, with correlation coefficients (r) being more than 0.999. Relative standard deviations (RSDs) (nϭ3) of fluorescence responses obtained with these acyl resorufins were less than 2.5% over the specified concentration ranges: using perhydrolysis of TBAR, IBR, CHR and PVR, RSD values of fluorescence intensity for the lowest H 2 O 2 concentrations were 2.2, 1.7, 1.3 and 1.1%, and those for blank solution were 2.0, 1.1, 1.8 and 0.2%, respectively. Although perhydrolysis of these four acyl resorufins will work as fluorometric indicator reactions, the method with PVR under these conditions seemed to provide the best tool for H 2 O 2 analysis, taking sensitivity, reproducibility and the response for blank solution into consideration.
Comparison of the slope values indicated that the method with IBR exhibited the highest sensitivity, although its intercept indicated that the stability of IBR in blank solution was the worst. The possibility of perhydrolysis of IBR as an indicator reaction at pH lower than 8.0 was examined. Perhydrolysis was conducted under essentially the same conditions except that pH 7.5, 20 mM phosphate buffer was used. Under these conditions, the sensitivity was decreased by more than 40% of that with pH 8.0 buffer, and yet the method with IBR provided a satisfactory calibration curve with a correlation coefficient of 1.000 where RSDs of fluorescence responses for the lowest H 2 O 2 concentration and for blank solution were 0.3 and 0.8%, respectively. Thus, perhydrolysis of IBR may function well as an indicator reaction for H 2 O 2 analysis at pH 7.5.
The present fluorometric methods with PVR and IBR feature that the indicator reactions proceed at a neutral pH region without recourse of POD, which seemed to eliminate interference by reducing biological compounds such as ascorbic acid as described below. Under similar neutral and PODindependent conditions, peroxyoxalate chemiluminescence (PO-CL) methods are known to be useful for determination of H 2 O 2 . [39] [40] [41] [42] [43] [44] [45] [46] [47] Detection limits of PO-CL methods were reported to range from 10 Ϫ10 to 10 Ϫ12 mol levels, depending on oxalate esters, fluorophores and reaction systems used. Accordingly, the sensitivity in the present fluorometry was lower than in PO-CL methods. However, highly sensitive and reproducible detection of H 2 O 2 by the CL methods seem to depend on how an oxalate ester and a fluorophore in organic solvent such as ethyl acetate, chloroform or CH 3 CN are effectively mixed with H 2 O 2 in water. This is at least in part why PO-CL methods have been used mainly in a flow system. In addition, the solubility and stability of generally used oxalates esters such as bis(2,4,6-trichlorophenyl) oxalate in a water-rich system seem much poorer than those of PVR and IBR. Thus, the present fluorometry is believed to work as a complementary tool useful for determination of H 2 O 2 in a static and water-rich system, although the sensitivity must be improved somehow.
Possibility of the fluorometry with perhydrolysis of PVR at pH 8.0 (Method I) and that of IBR at pH 7.5 (Method II) as a method of glucose determination with GOD was evaluated by comparison with colorimetry using phenol, 4-aminoantipyrine and POD as an indicator reaction system (Trinder's method). The results are summarized in Table 3 . Determination and detection limits were determined as the glucose concentrations giving spectrophotometric responses with RSD values not exceeding 10 and 30%, respectively. The determination limits were the same in these three methods, providing linear calibration graphs up to 300 mg/dl. Both Methods I and II gave slightly lower detection limits than Trinder's method. Although a deproteinization procedure was required as in the case of AR, 3) the present methods were successfully applied for blood glucose determination with satisfactory reproducibility. The determined glucose levels for the same plasma sample were comparable to each other, but slightly higher than that obtained by Trinder's method. It was expected that the methods with PVR and IBR were not adversely affected by ascorbic acid, uric acid or bilirubin similarly to the fluorometry with AR. 1, 3) To confirm this anticipation, the effects of ascorbic acid were examined. As also shown in Table 3 , ascorbic acid even at 1.0 mM much higher than in normal plasma had only negligible influence on the fluorometric responses observed for a 100 mg/dl glucose solution by Methods I and II. In Trinder's method, glucose at the same concentration was successfully detected in the presence of ascorbic acid at 0.2 mM, but was underesti- mated by more than 5% for the glucose solution containing 1.0 mM ascorbic acid.
In conclusion, the results described here demonstrated that judicious choice of acyl groups and reaction conditions can shift the competition between perhydrolysis and hydrolysis of acyl resorufins in a manner favorable for perhydrolysis to work as a fluorometric indicator reaction for H 2 O 2 analysis with a desirable working range. Furthermore, the fluorometry with perhydrolysis of PVR and IBR chosen as the best indicator reactions for determination of H 2 O 2 at pH 8.0 and 7.5, respectively, were shown to be applied for determination of blood glucose with only GOD. Thus, acyl resorufins such as PVR and IBR are believed to work not only as novel fluorochromogens useful for clinical chemistry but also as new types of fluorescent probes for detecting H 2 O 2 released from or generated in cells. However, for clinical or cell-biological uses, H 2 O or non-toxic dimethylsulfoxide is generally preferred to toxic CH 3 CN as a solvent for a reagent solution. Accordingly, water-soluble acyl resorufins must be designed or a detection system with acyl resorufins in dimethylsulfoxide at as small volumes as possible should be developed. Further studies along these lines are currently underway in our laboratory.
